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A  aeries  it'  1IU  profiles  obtained  over  New  Me.Mii)  comprise  aerosol  attenuation  enetlicionts  vs  altitude  to 
altout  35  km.  These  profiles  show  the  existence  of  several  features.  A  surface  convective  dust  layer  ex¬ 
tending  up  to  about  5  km  is  seasonally  dependent.  Also,  a  turbidity  maximum  “vists  below  the  tropo- 
pause.  The  altitude  of  an  aerosol  maximum  in  the  lower  stratosphere  is  located  just  below  that  of  the 
minimum  temperature.  The  colder  the  minimum  temperature,  the  greater  is  the  aerosol  content  of  the 
layer.  This  relationship  suggests  that  the  20-km  dust  layer  is  due  to  convection  in  tropical  air  and  sdveo 
tion  to  higher  latitudes.  Computed  averages  of  optical  thickness  show  that  abatement  01  stratospheric 
dust  from  the  Ml.  Agung  eruption  became  evident  in  April  1964.  Results  based  on  seventy-nine  profiles 
characterising  volcanic  dust  abatement  indicate  that  above  26  km,  the  aerosol  scale  height  averages  3. i5 
km.  Extrapolating  with  this  scale  height,  tabulations  are  developed  foruv,  visible,  and  ir  aitenuatton  to 
50  km.  Optical  mixing  ratios  are  used  to  examine  the  aerosol  concentrations  at  various  altitudes,  includ¬ 
ing  a  layer  at  26  km  having  an  optical  thickness  10-1  for  0.55-ai  wavelength. 


I.  introduction 

The  aerosol  content  plays  a  significant  role  in  the 
atmosphere’s  optical  properties  or,  more  quantitatively 
stated,  the  aerosol  attenuation  coefficient  functions  as 
an  important  optical  parameter.  As  u  first  approxima¬ 
tion,  it  is  proportional  to  the  aerosol  number  density. 
For  a  fixed  wavelength,  the  height  profile  of  this  param¬ 
eter,  designated  as  PP{h,X{)  provides  information  con¬ 
cerning  aerosol  concentration,  presence  of  layers  as  well 
as  optical  thickness,  which  is  necessary  for  determining 
atmospheric  transmission  for  nonhorizontal  path  ge¬ 
ometries.  The  aerosol  attenuation  coefficient  and  its 
profile  have  other  important  uses  in  studies  entailing 
meteorological  tracing,  path  radianco,  sky  background, 
possibly  turbulence,  and  so  on.  Thus,  the  coefficient 
takes  on  the  function  of  a  fundamental  parameter.  Its 
measurement,  however,  has  been  difficult  for  a  number 
of  reasons.  More  basic  than  instrumentation  difficul¬ 
ties  are  such  factors  as  the  atmosphere’s  variability, 
acquisition  of  in  situ  measurements  to  high  altitudes, 
and  results  in  the  form  of  absolute  values. 

Acquiring  information  concerning  a  profile  such  ns 
MMj)  can  best  be  done  with  optical  methods,  and  a 
variety  of  these  havo  been  develop,  Those  which 
yielded  absolute  values  are  most  suitable  for  com¬ 
paring  results  and  this  is  done  in  Fig.  1.  The  results 
were  made  comparable  for  Ai  «*  0.55  n  by  using  the 
empirical  relationship  that  the  aerosol  attenuation  eo- 
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efficient  varies  inversely  with  the  wavelength.  In  order 
to  represent  the  various  methods  of  measurement  as 
well  as  maintain  clarity,  not  all  resuits  could  be  in¬ 
cluded  in  Fig.  1;  i.e„  the  twilight  measurements  by 
Volz  and  Goody  (1962)  and  by  Rozenberg  (1965), 
the  searchlight  measurements  by  Spankuch  (1967), 
analysis  of  twilight  aureole  photographs  from  the  space¬ 
craft  Vostok-6  (Driving,  1966),  the  aircraft  measure¬ 
ments  of  sky  brightness  (Sandomirski  el  at.  1964),  and 
aircraft  nephelometry  (Waldram,  1945).  Also,  in¬ 
teresting  results  in  the  form  of  relative  values  relating 
to  /S,  have  been  obtained  with  optical  techniques:  the 
twilight,  measurements  (Bigg.  1964),  laser  beam  back- 
scatter  (Coilia  and  Ligda,  1966),  (Clemeshaw  et  al. 
1967),  (Grams  and  Fiocco,  1967),  and  others.  A  con¬ 
sideration  of  all  results  indicates  that  the  aerosol  at¬ 
tenuation  coefficient  can  be  a  widely  varying  parameter 
and  that  an  adequate  number  of  measurements  are 
necessary  in  order  to  establish  characteristic  aerosol 
features. 

For  the  purpose  stated,  recent  searchlight  probing 
measurements  (Elterman,  1966a)  are  of  intorest  for 
several  reasons.  First,  a  total  of  119  profiles, 
were  acquired  and  this  represents  a  substantially  larger 
sample  than  previously  published.  Additionally,  each 
profile  was  obtained  by  measuring  continuously 
through  the  troposphere  and  stratosphere  with  an 
altitude  resolution  approximating  1  km.  Finally,  wo 
note  in  Fig.  1,  that  the  moan  of  the  profiles  falls  within 
the  values  determined  by  other  researchers,  a  circum¬ 
stance  which  affords  a  measure  of  comfort.  An  altas  of 
the  acquired  profiles  was  presented  previously  (Elter¬ 
man,  1966b).  Now  the  objective  is  to  consider  the 
series  of  profiles  statistically  and  in  other  ways  in  order 
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Fig.  1.  Aerosol  attenuation  coefficients  vs  altitude  at  Xi  » 
0.55  it.  Comparison  of  results:  X,  aoiar  aureole,  two  bal¬ 
loon  Sights,  Newkirk  and  Eddy  (1964);  A,  solar  radiation 
measured  from  aircraft,  mean  of  eight  Sights,  Penndorf  (1954); 
+,  aearohlight  probing,  mean  of  105  profiles,  Elterman 
(1960a)  and  (1966b);  O,  bailmm  integrating  nephelometor, 
mean  of  fourteen  flights,  Crosby  and  Koerber  (1962);  •,  solar 
radiation  measured  from  balloons,  mean  of  three  flights,  Kon¬ 
dratiev  el  of.  (1967);  A,  spacecraft  horison  photography, 
analysis  of  four  frames,  Rosenberg  (1966),  Feoktistov  (1665); 
O,  searchlight  probing,  mean  for  five  nights,  ltusenbcrg  (1960, 
1966). 


to  examine  some  tropospheric  tutu  stratospheric  fea¬ 
tures. 


shown  in  big.  3.  Here  the  19-km  mist  region  is 
evident  tvs  a  prominent  layer,  partially  due  to  increased 
aerosol  content,  but  also  because  in  this  altitude  region 
the  /Jr(A,A)  values  are  diminished.  For  these  reasons 
the  turbidity  profile  has  the  advantage  of  improved 
aerosol  feature  emergence  especially  at  the  higher  alti¬ 
tudes,  However,  when  used  in  a  qualitative  sense  only, 
assessment  of  the  magnitude  of  the  aerosol  features 
can  be  difficult. 

Since  the  volcanic  dust  in  the  atmosphere  can  have 
a  residence  time  of  several  years,  the  effects  of  the  Mt. 
Agung  eruption  (March  1903)  must  be  considered. 
The  (Feet  measurements  of  Junge  et  al.  (1961),  Friend 
(19(55),  Mossop  (1964),  and  Rosen  (1968),  collectively 
considered,  before  and  after  this  event,  show  evidence 
of  change  in  the  stratospheric  aerosol  content.  The 
observations  of  the  twilight  sky  by  Volz  (1905),  Meinel 
and  Meinel  (1964),  and  the  analysis  by  Dyer  and  Hicks 
(1965)  also  show  augmentation  of  stratospheric  par¬ 
ticulates.  The  searchlight  probing  measurements 
yielded  absolute  values  of  aerosol  attenuation  co¬ 
efficients  so  that  the  most  suitable  parameter  to  use  for 
examining  this  feature  quantitatively  is  the  strato¬ 
spheric  aerosol  optical  thickness  for  the  stratospheric 
region  to  25  km.  The  reason  for  choosing  tliis  altitude 
limit  is  discussed  later.  Accordingly,  all  profiles  were 
placed  in  time  sequential  groups  determined  by  the 
similarity  of  the  stratospheric  dust  feature.  Then  the 
mean  optical  thickness  was  computed  by 

f  »  -  ^  (2) 

n  i-1  *1 

where  n  is  the  number  of  profiles  in  the  group,  hx  is  the 
altitude  of  the  tropopause,  h3  the  25-km  altitude,  5  the 
mean  aerosol  attenuation  coefficient  (within  eaih 
profile)  for  the  altitude  interval,  and  A h  the  altitude 


II.  Atrosol  and  Turbidity  Profiles 

Averaging  a  large  number  of  profiles  tends  to  wash 
out  features  readily  noticed  in  the  individual  profile. 
We  present  therefore,  in  Fig.  2,  an  example  of  an 
individual  profile  chosen  because  (1)  it  is  similar  to  the 
119  profile  average  and  (2)  the  aerosol  features  are 
sufficiently  prominent. 

The  features  of  a  profile  can  be  examined  also  in 
terms  of  mixing  ratios  such  that 

*>,(*, X)  » A)  tWb)  m 

i»,(A,xj  "  #,(X)  N,(hj' 

where  fl,  and  0,  are  the  aerosol  and  Rayleigh  attenua¬ 
tion  coefficients,  respectively  (cm-1),  N$  and  Nr  are  the 
aerosol  and  molecular  number  densities,  respectively 
(cm-1).  The  terms  a,  and  a,  are  the  aerosol  and  mo¬ 
lecular  (Rayleigh)  cross  sections  (cm1).  If  up  to  50  km 
the  cross  sections,  both  molecular  and  aerosol,  tend  to 
remain  unchanged  with  altitude  (a  usual  assumption), 
then  Eq.  (1)  asserts  that  the  optical  mixing  ratio  0,/0,  is 
proportional  to  the  true  mixing  ratio,  Nt'N,.  More 
frequently,  the  optical  mixing  ratio  is  known  as  tur¬ 
bidity.  The  turbidity  profile  corresponding  to  Fig.  2  is 


Fig.  2.  Single  profile  0,(A,X i)  for  11  April  1964  at  02:00  MST, 
similar  to  mean  of  1 19  profiles,  Xi  »  0.55  it.  Surface  to  5  km— 
oonvective  region;  5-11.7  km— troposphere  dust  layer;  11.7- 
23.8  km — stratosphere  dust  layer;  25.6  km— upper  altitude  maxi¬ 
mum;  4  ,  aerosol  (measurements);  — molecular  (computed). 
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Fig,  3.  Singlo  turbidity  profile  fty,A,Xi)/0r(A,X i)  for  11  April  at 
0200  M8T.  +i  measurements  (see  caption  far  Fig.  2). 


Table  I.  Aerosol  Optica!  Thickness  as  u  Sfieasura  of  Volcanic 
Dust  X,  ^  0.55  n 

Moan 
optical 
thickness 
Number  (approxi- 
of  mately 

Period  pro-  12-25  km) 

Group  (inclusive)  files  X  10'* 


A 

Deo,  1063-Mar.  1064 

40 

3.1 

L 

Apr.  1064-Sep.  1064 

50 

2.2 

c 

Oct.  (064  -Nov.  1064 

10 

2.7 

I) 

Deo.  1064-Apr,  1005 

10 

2.4 

(B+C+D) 

Apr.  1064-Apr.  1005 

79 

2.3 

intervals  used  for  computing  the  profiles.  The  results 
of  this  computation  are  presented  in  Table  I. 

Although  the  volcanic  eruption  occurred  in  March 
1903,  the  tabulation  shows  that  the  volcanic  dust 
component  persisted  over  New  Mexico  up  to  and  during 
the  period  December  1963  to  March  1984.  Beginning 
with  April  1984,  volcanic  dust  abatement  and  a  gen¬ 
erally  stabilised  levol  are  indicated.  The  mean  optical 
thickness  computed  for  group  (E  +  C  4-  D)  is  20% 
less  than  that  of  group  A. 

Parameters  entailing  the  presence  of  volcanic  dust 
may  be  unsuited  for  determining  representative  aerosol 
conditions.  Accordingly,  only  the  seventy-nine  pro¬ 
files  characterised  by  volcanic  dust  abatement  {group 
B  +  C  +  D  of  Table  I)  are  used  where  required.  In 
the  discussion  to  follow,  it  is  convenient  to  designate 
the  stwenty-nine  profile  mean  for  Xi  —  0.55  g  as/?,(A,hj), 
This  and  the  corresponding  turbidity  profile  are  pre¬ 
sented  in  Figs.  4  and  5. 

The  mean  profile  $,(h,h)  in  Fig.  4  can  be  extended 
to  encompass  a  large!  altitude  range  by  using  the 
aerosol  scale  height  (//,)  relationship, 


-  &(A i.x>)  exp!-(X.  -  hi)/Hg].  (3) 

This  is  a  useful  procedure  because  it  facilitates  develop¬ 
ment  of  atmospheric  attenuation  models  (Sec,  III) 
useful  in  exploratory  calculation  for  the  important 
0-50-km  altitude  region.  Penndorf’s  study  (1954) 
shows  that  for  the  lowest  5  km,  the  aerosol  coefficients 
fall  off  exponentially  with  a  scale  height  0.97  <  H,  < 
1.4  km.  We  resort  to  the  use  of  his  mean  value  Hp  » 
1.2  km  to  extend  the  /?#(M0  profile  from  3.7  km  to 
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Fig.  4.  Mean  of  seventy-nine  low  stratospheric  dust  profiles 
(Table  1)  for  April  1064  to  April  1065.  Aeroeol  attenuation 
coefficients,  ,3,(A,Xi);  standard  deviation  limits  attributable  to 
error  and  atmospheric  variations;  X,  -  0.55  +,  measurements 

with  searchlight  probing. 


Fig.  5.  Mean  turbidity  profile,  J#(A,X i)/ffr(A,Xi)  (eee  caption  for 
Fig.  4). 
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Fig.  6.  The  26-32-km  Altitude  region  showing  scale  height  Hp  « 
3.75  km  for  seven t  y-n i ne-profile  mean;  least  square  fit  Hat'd  to 
extrapolate  to  50  km. 


sea  level.  To  establish  upper  altitude  aerosol  co¬ 
efficients,  a  least-square  fit  was  computed  for  #,,(//,  X,) 
from  26  km  to  32  km  (Fig.  ft).  The  result,  //„  * 
3.75  km  (in  effect  derived  from  790  measurement 
points),  was  used  in  Eq.  (3)  to  extend  the  values  to  50 
km.  Miller  (1967)  obtained  //,  =  3.25  km  from  an 
analysis  of  rocket  measurements  acquired  in  1964  for 
this  altitude  region.  The  over-all  aerosol  attenuation 
profile  from  sea  levol  to  50  km  is  presented  in  Fig.  7. 
Rayleigh  attenuation  is  included  for  comparison. 

III.  Atmospheric  Attenuation 

Previously,  an  atmospheric  attenuation  model  was 
formulated  (Elterman,  1964)  for  the  uv,  visible,  and 
ir.  It  was  based  on  Rayleigh  (molecular)  cross  sections 
with  number  densities  from  the  standard  atmosphere 
(U.8.  Standard  Atmosphere,  1962)  on  ozone  absorption 
coefficients  (Vigroux,  1953)  applied  to  a  representative 
atmospheric  osone  distribution;  and  on  aerosol  at¬ 
tenuation  coefficients.  The  last  were  acquired  from 
available  bqt  dissimilar  measurements  with  interpola¬ 
tion  used  to  establish  a  continuous  aerosol  profile. 
Since  the  aerosol  parameters  play  an  important  role  in 
computing  atmospheric  attenuation,  the  results  here 
presented  can  be  used  for  this  application. 

In  Fig.  7,  we  developed  the  aerosol  profile  for  alti¬ 
tudes  to  50  km.  It  would  be  in  order  now  to  exuminu 
some  exp.  "'ssions  leading  to  corresponding  aerosol 
profiles  for  attenuation  at  other  wavelengths.  If  we 
consider  a  real  atmosphere,  the  aerosol  sizes  within  unit 
volume  can  be  described  by  a  size  distribution  func¬ 
tion  \ff(r).  Various  size  distribution  functions  are  in 
use:  tiie  Junge  type  power  law  (1963)  with  a  choico  of 
exponents  discussed  in  detail  by  Bullrich  (1964),  a 
similar  distribution  modified  by  gaps  observed  by  Fenn 
(1904),  a  log-gaussian  distribution  used  by  Foitzik 
(1965),  a  composite  distribution  with  components  from 
several  types.  The  optical- particle  size  relationship 
utilises  f(r)  suoh  that 


“  j  sym.r.XkfA’ (.(r), 

J  ,V ,, 

(4) 

dNp 

“  Npip(r)dr, 

(5) 

JVo(A) 

-  CS !p(h); 

(0) 

&r  is  the  aerosol  attenuation  coefficient,  m  is  the  index  of 
refraction,  N„  and  Ar„  are  the  aerosol  number  density 
limits  established  by  the  radii  limits  r,  and  r2,  <sp  is  the 
aerosol  cress  section  for  each  particle,  Np  is  the  total 
number  of  particles  between  i'i  and  r2.  For  a  given 
altitude,  Np  is  actually  proportional  to  the  particle 
number  density  between  rt  and  r2.  If  the  same  size 
distribution  function  applies  to  all  altitudes  (a  usual 
assumption),  Eqs.  (4),  (5),  and  (ft)  are  combined 

=»  CNp(h)  I  «■  p(r,\)if,(r)tir.  (7 ) 

Jr\ 

Here,  CN,(h)  is  placed  outside  the  integral  which  now 
contains  only  factors  that  arc  independent  of  altitude ; 
also,  m  is  removed  because  subsequent  considerations 
will  pertain  to  particles  without  any  distinction  in 
refractive  index.  If  Eq.  (7)  is  normalized  to  sea  level 
conditions,  the  integral  cancels  oui.  Then,  generally, 
for  the  \  ..rious  wavelengths  X,  and  specifically  for  Xi  = 
0.55  n,  we  have 

0p(h,\)  (M*. X,)  Xp(h) 

=*  -  a*  - .  (o) 

U,(0,X)  A’p(0) 


Fi*.  7.  Comparison  of  profile*.  Mean  aertwol  attenuation 
coefficient*  3,(5, X,)  from  mea*urement«;  molecular  0r(5,X 0 
oomputed;  X,  -  0.55  m.  X,  extrapolated  3.7  km  to  surface 
with  Hr  -  1.2  km;  O,  extrapolated  32-50  km  with  scale  height 
Np  «“  3.75  km. 
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WAVE LENGTH  (mlOOnt) 

Fin-  S.  Aerosol  attenuation  coefficients  3»(0,X)  vs  wavelength  at 
sea  level  for  a  meteorological  range  approximating  25  km. 
A — derived  from  Baum  and  Dunkelman  (1(155);  H — contained 
in  Curcio  el  al.  (1961). 

Equation  (9)  has  been  derived  in  this  manner  to 
demonstrate  its  compatibility  with  particle  size  con¬ 
siderations.  Sea  level  conditions  have  boen  researched 
extensively  by  Curcio  and  Durbin  (1959),  Curcio  et  al. 
(1961),  Knestrick  et  al.  (1961),  Dunkelman  (1952), 
and  Baum  and  Dunkelman  (1955).  The  0,(0, A)  values 
for  a  25-km  meteorological  range  based  on  the  results  of 
these  authors  are  shown  in  Fig.  8.  Utilizing  these  re¬ 
sults,  in  conjunciion  with  tho  0,(A,Ai)  profile  in  Fig.  T 
all  requirements  for  tho  right-hand  side  of  Eq.  (9)  i. 
satisfied,  and  a  sories  of  aerosol  attenuation  profiles  can 
be  computed  for  0-50-km  altitudes  and  various  wave¬ 
lengths  of  interest.  Since  the  pure  air  and  ozone  co¬ 
efficients  are  available  f’om  tho  earlier  publication 
(Elterman,  1964),  revised  tables  of  attenuation  can  be 
computed  using  Eq.  (9)  and 


A 


r,(*,X)  -  £  0,(5, XU*, 

0 

(10) 

k 

r,(A,A>  -  Tj  MA-XUA, 

0 

(H) 

h 

t»(A,X)  "  2  &(X,A).lA, 

(12) 

0 


whore  r,,  t„  and  rt  are  the  Rayleigh,  aerosol,  and  ozone 
optical  thickness,  respectively,  from  sea  level  to  altitude 
A,  and  /Jr,  and  &  are  the  mean  Rayleigh,  aerosol,  and 
ozone  attenuation  coefficients  (km~‘),  respectively,  for 
the  altitude  interval  Ah.  Thus,  a  format  can  bo  used 
wherein  the  attenuation  coefficients  and  computed 
optical  thickness  values  due  to  pure  air,  ozone,  and 
aerosols  are  tabulated  individually.  This  format  is 
advantageous  because  it  jwrmits  various  exploratory 
calculations  (horizontal,  vertical,  and  slant  path)  for 
each  attenuating  component,  or  for  over-all  atmospheric 
extinction  (pure  air  -f  osono  +  aerosol). 

Table  II  is  an  example  of  the  format  for  tho  uv  at  0.30 
M  based  on  Eqs.  (10),  (11),  and  (12).  The  wavelength 
is  characterized  by  severe  0»  absorption  (Hartley  band) 


so  that  for  unit  air  mass,  the  optical  thickness  attrib¬ 
utable  only  to  o»  r»'  =  3.4  corresponding  to  a  trans¬ 
mission  of  C.3%. 

Rayleigh  scattering,  because  of  the  short  wavelength, 
also  contributes  significantly  to  attenuation.  For  unit 
air  mass,  the  Rayleigh  optical  thickness  is  1.22  corre¬ 
sponding  to  29.6%  transmission.  Also,  for  these  con¬ 
ditions,  the  aerosol  optical  thickness  is  0.41  correspond¬ 
ing  to  67%  transmission.  Since  all  attenuating  com¬ 
ponents  are  important,  this  tabulation  demonstrates 
the  interplay  of  attenuation  coefficients  as  they  vary 
with  altitude. 

Table  III  contains  the  parameters  for  0.55  n,  tho 
wavelength  representing  the  photopic  region.  Absorp¬ 
tion  by  Oj  (Chappuis  band)  now  is  diminished.  How¬ 
ever,  the  coefficients  show  that  for  some  altitude  regions, 
O,  absorption  can  be  larger  than  attenuation  due  to 
scattering  by  pure  air  or  by  aerosols.  Comparing  with 
Table  II,  for  unit  air  mass,  the  optical  thickness  attrib¬ 
utable  only  to  Oj  is  r»'  =■  0.03  correeponding  to  a 
transmission  approximating  97%.  The  Rayleigh 
optical  thickness  is  0.098  corresponding  to  about  91% 
transmission  and  the  aerosol  optical  thickness  is  0.25 
corresponding  to  88%  transmission.  The  0,  column 
of  this  tabulation  contains  the  digitized  values  of  the 
aerosol  profile  in  Fig.  7. 

Attenuation  parameters  derived  for  twenty-two 
wavelengths  in  the  uv,  visible,  and  ir  (from  X  -  0.27  to 
4.0  it)  for  altitudes  to  50  km  are  published  elsewhere 
(Elterman,  1968). 

IV.  Interpretation  of  Profiles  in  tho  T roposphoro 

As  mentioned,  the  aerosol  attenuation  profiles  wore 
obtained  by  measuring  continuously  through  the 
troposphere  and  stratosphere.  At  the  lower  altitudes 
(starting  with  2.8  km),  the  spread  of  the  standard 
deviation  limits  is  significantly  larger  than  at  20  km 
(Fig.  4).  It  follows  then  that  aerosol  conditions  in 
the  trof)osphero  are  highly  variable,  compared  with 
those  in  the  strutosphere. 

In  spite  of  the  variability,  certain  aerosol  features  in 
the  troposphere  can  bo  discerned.  As  with  the  single 
profile  (Figs.  2  and  3),  the  averages  (Figs.  4  and  5) 
show  the  presence  of  a  surface  convective  layer  which 
extends  to  about.  5  kin  during  nights  when  mari^ 
monts  were  taken.  Using  Stokes  law  for  a  particle 
diameter  of  2  n  and  the  usual  density  approximation  of 
2  g/cm*,  tho  resulting  fall  speed  is  2.6  X  10"*  om/sec. 
Since  aerosol  diameters  in  tho  atmosphere  generally  are 
less  than  2  *>,  their  descent  during  the  night  over  a  12-h 
period  is  about  22  m  or  loss.  Hence,  particles  eon- 
veetod  upward  during  the  day  should  persist  through 
tho  night. 

Tho  amount  of  dust  is  dejiendcnt  on  the  cumulative 
effects  of  surface  beating,  so  that  the  aerosol  content  in 
tho  surface  convective  layer  should  be  seasonally  de¬ 
pendent.  Figure  9  demonstrates  this  seasonal  de¬ 
pendency.  During  the  spring  and  early  summer,  when 
tho  surface  temperature  exceeds  the  air  temperature, 
the  aerosol  content  in  this  layer  is  relatively  high. 
During  the  winter  months,  the  surface  air  temperature 
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Fig.  9.  Monthly  averages  for  surface  convective  layer.  Tur¬ 
bidities  computed  from  measurement*,  X,  «  ji;  X,fi'-e  pro¬ 
files,  December  1964;  •,  twenty-three  profiles  December  UXlfi; 
O,  twenty-nine  profiles,  April  UHVt, 


differential  is  reversed,  and  this  tends  to  suppress  the 
vertical  transport  of  aerosols  from  the  surface. 

Above  the  surface  convective  layer,  aerosols  are 
transported  vertically  toward  the  tropopause  due  to 
mixing  and  convection.  At  such  times  when  the 
aerosols  reach  a  stable  layer  or  the  tropopause,  their 
further  vertical  transport  is  inhibited.  Usually,  convec¬ 
tion  and  mixing  tend  to  establish  a  constant  turbidity. 
However,  aerosol  depletion  by  the  washout  effects  of 
precipitation  is  greater  in  the  lower  tro|*»phere  than 
in  the  upper.  Accordingly,  a  turbidity  maximum 
occurs  frequently  below  the  tropopause. 

V.  interpretation  of  Profiles  in  the 
Stratosphere 

In  order  to  develop  this  topic,  wc  note  first  that  the 
character  of  the  trnpojiause  relates  to  the  history  of  its 
air  mass.  In  tropical  regions  the  tropopause  is  located 
near  18  km  and  is  chumeterixed  by  a  temperature 
minimum  in  the  vicinity  of  —  80°U.  Over  temperate 
latitudes,  tiic  tropopause  is  frequently  found  near  I'd 
km  with  temperatun's  near  —  50°(,\  Owing  to  advec 
tioo,  a  temperature  minimum  near  18  km  often  is 
diacemibk?  in  temperature  latitudes.  In  this  (taper.  we 
refer  to  the  lower  tro|xipause  as  the  (Hilar  tro(io(w;use 
and  it  is  identified  as  the  base  of  a  stable  region.  The 
temperature  minimum  at  the  higher  altitude  wiil  be 
designated  as  the  tropical  tropopause.  The  region 
between  them  is  considered  as  f»art  of  the  stratosphere. 

In  Fig,  10,  two  features  are  demonstrated  from 
nightly  mean  profiles  and  their  concurrent  temperature 
Bounding*.  It  seen  that  a  maximum  in  turbidity  is 
located  near  the  tropical  tropopause  and  a  secondary 
maximum  below  the  polar  tropopause.  Three  features 
occurred  almost  invariably  in  all  the  profiles  whenever 
both  polar  and  tropical  trvqwpauses  were  in  evidenee. 
The  altitude  relationship  between  the  turbidity  mat,- 
mum  and  the  tropica’  iropopauae  is  shown  in  Fig  11. 


Here  the  mont!  average  altitudes  of  the  turbidity 
maxima  are  compared  with  the  average  altitudes  of 
the  tropical  tropopause  (from  concurrent  soundings)  for 
eleven  months  during  the  period  December  1963  to 
April  1965  when  data  were  available.  The  comparison 
shows  the  relationship  to  be  almost  linear.  For  the 
entire  period,  the  altitude  of  the  turbidity  maximum 
averages  1.4  km  below  that  of  the  temperature  mini¬ 
mum. 

In  Fig.  12,  the  presence  of  a  seasonal  trend  is  exam¬ 
ined.  The  stratospheric  turbidity  is  relatively  high 
during  the  period  December  1963  to  February  1964, 
becomes  a  minimum  in  April,  and  actually  rises  to  a 
maximum  for  the  period  in  June  1964.  From  October 
to  April  1965,  there  is  a  descending  trend.  The  trend 
of  the  temperature  minima  is  similar  to  the  turbidities 
for  the  entire  period.  As  discussed  in  Sec.  II,  the  high 
turbidity  values  during  the  early  part  of  the  period  may 


Kif.  10  Mown  turbidity  profile*  with  concurrent  temperature 
•uundmipi  *howmi  turbidity -temperature  reiatK>n»hi|v>  in 
Averafewfiveturbidit)  profile*  for  H-9  April.  1964;  h  •vrrn**’ 
of  «i*  turbidity  profile*  for  12  -13  April  1964. 
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Fig.  II,  Relationship  JmMwihmi  altitude  of  stratospheric*  tur¬ 
bidity  maximum  and  r'' it tule  of  tropical  tropopause  vtempcrit- 
ture  minimum).  Knelt  circle  is  a  monthly  average 


lx-  due  partially  to  tin*  presence  of  volcanic  dust  from 
the  March  19t>3  eruption. 

Figure  1 J  demonstrates  the  presence  of  another 
significant  feature;  i.e.,  a  temix'mture  turbidity  rela¬ 
tionship.  As  the  minimum  tem[x>rature  of  the  tro|x>- 
P’Uise  changes,  the  magnitude  of  the  turbidity  also 
changes  in  an  inverse  way.  When  tor,\|XTaturo  minima 
are  low  (l)eeomlx-r  liltid,  June  and  October  1994) 
turbidity  values  arc  high,  whereas  with  warmer  tem¬ 
perature  minima,  the  turbidities  are  lower.  A  further 
indication  of  the  turbidity-  temperature  relationship  is 
seen  in  Fig.  10(h),  where  the  temperature  minimum  is 
—  7 1 c C ’  at  18.o  km  and  the  turbidity  maximum  3 ,  3-  ~ 
3.0;  in  Fig.  10(b).  four  days  later,  a  different  air  mass 
is  evident,  with  a  temperature  minimum  —  tVJ ° ( '  at  It) 
km.  The  corresponding  turbidity  3,  3r  =»  l.">.  Thus 
the  stratospheric  aerosol  content  can  change  sharply  in 
a  few  days  with  changes  in  temperature  which  are 
caused  by  changes  in  the  general  circulation. 

In  summary,  the  optical  probing  measurements  over 
New  Mexico  show  that  the  following  relationships 
occur. 

(1)  h  turbidity  maximum  is  locates  in-low  the  (xiiar 
!  ropo  pause ; 

(2)  a  turbidity  maximum  in  the  lt>  19-km  altitude 
region  is  located  an  average  1.4  km  below  the  tropical 
tropo  pause; 

(3)  as  the  tomjK'raturt'  of  the  tropical  tropojrause 
decrease*,  the  magnitude  of  the  turbidity  maximum  in¬ 
creases. 

These  rvlationshi|w  indicate  that  the  turbidity  is 
greatest  in  lur  originating  from  the  tropics.  The 
.‘indings  are  consistent  with  those  of  Hosen  ( 1  998 ) , 
whose  results  show  the  stratospheric  aerosol  mneent ra¬ 
tions  are  higher  in  tropieai  latitudes  (Panama!  than 
m  tenijn-rate  ■  .Mmncajxjlis;.  Our  (Hidings  indieate, 
further,  that  the  aerosol*  from  or  near  the  surface  are 
converted  through  the  trojxwpherc  in  the  manner  al¬ 
ready  described  in  Sec.  IV  Convective  activity  is 


more  intense  over  iropiral  and  subtropical  regions 
where  aerosols  are  transported  vertically  to  alt  it  tides  of 
the  tropical  tropopail-  -.  ill-re  temper:!' tires  are  in 
the  vicinity  ot  —80  C.  The  air  containing  the  aerosols 
then  undergoes  advection  to  tern[>erate  latitudes  which 
accounts  for  the  stratospheric  feature:  high  turbidity 
accompanied  by  low  temperature,  at  these  latitudes. 

There  appears  to  be  no  basis  for  distinguishing  be¬ 
tween  the  20- km  dust  layer  and  the  aerosol  concentra¬ 
tions  occurring  at  altitudes  between  10  19  km  observed 
with  optical  probing  over  N'ew  Mexico.  Accordingly, 
the  existence  of  the  layer  is  explained  as  a  balance 
between  depletion  by  fallout,  diffusion,  and  the  con¬ 
tinued  replenishment  due  to  convection  advection  on 
the  scale  of  the  general  circulation.  If  the  major 
constituent  of  this  layer  is  the  ammonia  sulfate  partit  le, 
then  its  migin  remains  conjee' ural.  Industrial  jxillu- 
tion  is  discounted  because  nearly  all  of  it  is  located  in 
temjierate  latitudes,  whereas  the  results  show  thut 
tropical  air  is  the  transjxirt  medium.  Additionally, 
although  much  of  the  tropics  is  covered  by  ocean  which 
contains  about  10r,  sulfates  in  solution,  this  is  an  un¬ 
like  ;y  source,  because  there  is  no  known  selective  process 
which  ad'-puately  favors  trims|X)rt  of  sulfate  over 
sodium  chloride  found  to  lx-  7 t'cc  in  solution.  Of 
interest  are  the  sjx'eulalioiis  of  Meinel  and  Meinel 
(1997)  that  SO.,  produced  from  volcanoes  undergoes  a 
series  of  ueroehemieal  reactions  yielding  mi  ammonia 
sulfate  layer  at  X  ktn.  To  bo  consistent  with  our 
findings,  such  volcanic  activity  should  occur  at  tropical 
and  subtropical  latitudes.  This  directs  our  attention 
to  the  continuous  emissions  of  IfjS  and  SO)  from  the 
many  fissures  and  funutroics  that  characterize  the 
mOO-km  Indonesian  Lx-lt  of  Volcanic  activity,  as  well  as 
the  voleaiiism  in  and  alxiut  Oentrai  America. 

Another  turbidity  maximum  at  29  km  ixvurred  with 
sufficient,  frequency  to  lx-  identified  easily  in  Fig.  5. 
‘rhis  altitude,  then,  was  the  basis  for  choosing  the  2.> 
km  limit  in  K*|.  u’).  The  measurements  show  that  the 
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turbidity  region  extended  from  25  0  knt  to  27. (i  km  and 
from  A),  d  1964  to  December  lit 04  with  the  aerosol 
optica!  thickness  averaging  r,  10  **  for  X,  =  0.5;j  p. 
The  existence  of  an  aerosol  concentration  above  20  km 
is  established  by  photography  of  the  twilight  aureole 
obtained  by  Gemini  IV  on  4  June  1985,  subsequently 
analyzed  by  Alateer  el  al.  (1987).  However,  owing  to 
insufficient  information,  their  analysis  could  not  pro- 
viuo  adequate  altitude  data.  Examination  of  con¬ 
current  temperature  profiles  shows  that  generally  the 
air  is  uniformly  stable  in  this  altitude  region,  so  that  no 
accumulation  of  aerosols  should  occur.  The  28-km 
maximum  was  prominent  during  the  eight-month 
period,  April  to  December  1964,  when  Ml.  Agung  dust 
was  diminished.  This  suggests  that  the  phenomenon 
may  be  related  to  the  process  of  volcanic  dust  an.  ■•- 
ment. 

In  the  stratospheric  region  from  28  km  to  70  km,  a 
review  of  unreduced  searchlight  optical  probing  data 
does  not  reveal  the  presence  of  important  aerosol  con¬ 
centrations. 

VI.  Concluding  Remarks 

A  statistical  treatment  of  data  comprising  119 
aerosol  attenuation  profiles  provides  information  on 
aerosol  attenuation  coefficients,  optical  mixing  ratios, 
stratospheric  dust  of  volcanic  origin  and  its  abatement. 
These  in  turn  permit  examination  of  relative  aerosol 
concentrations  or  layer  features,  aerosol  scab  height,  and 
the  determination  of  atmospheric  attenuation  param¬ 
eters  to  50  km. 

The  procedure  for  developing  the  aerosol  attenuation 
parameters  is  summarized  as  follows. 

(1)  Various  studies  were  compared  and  of  those  a 
set  of  aerosol  measurements  was  selected. 

(2)  Tho  choice  of  n  'inurements  (comprising  119 
profiles  f.otn  2.7b  km  to  34.4  km)  was  examined  statisti¬ 
cally.  This  resulted  in  the  elimination  of  forty  profiles 
(December  1963  to  March  1961  inclusive)  charaeter- 
i  zed  by  a  high  volcanic  dust  component. 

(3)  The  mean  of  the  seventy-nine  remaining  profiles 
was  extended  *o  o  level  and  to  60  km,  respectively, 
by  reasonably  supported  extrapolations. 

(<*)  The  over-al!  profile  then  was  developed  laterally 
t  btain  additional  profiles  f  >r  wavelengths  of  interest. 

A  significant  aspect  of  the  procedure  is  that  the  wave¬ 
length-height  array  of  parameters  was  derived  in¬ 
dependently  of  the  assumption-  associated  with  con¬ 
version  cf  a  size  distribution  to  an  optical  parameter. 

Frequently,  the  attenuation  profiles  reflect  short¬ 
term  changes,  especially  at  1  jw  altitudes;  whereas 
stratospheric  features  appe  "  less  changeable.  In¬ 
dividual  and  averaged  aerosol  attenuation  profiles  yield 
results  which  arc  compatible  with  known  atmospheric 
processes.  Bocause  of  tho  amount  of  data  acquired, 
it  hns  been  possible  to  establish  relationships  between 
a  rosol  features  and  the  atmospheric  environment  in 
which  they  exist. 

The  authc  -s  would  like  to  expros-  their  appreciation 
to  R.  W.  Feun  and  R.  Penndorf  for  tneir  review  and 


suggestions,  to  F,  E.  Volz  for  discussions  pertaining  to 
volcanic  dust,  and  to  R.  Hoffman  and  J.  Fusco  for  their 
participation  with  the  computer  programming. 
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IS.  ABSTRACT 

-A  series  of  119  profiles  obtained  over  New  Mexico  comprise  aerosol 
attenuation  coefficients  vs  altitude  to  about  35  km.  These  profiles  show  the 
existence  of  several  feature.  A  surface  convective  dust  layer  extending  up  to 
about  5  km  is  seasonally  dependent.  Also,  a  turbidity  maximum  exists  below  the 
.  tropopause.  The  altitude  of  ar  aerosol  maximum  in  the  lower  stratosphere  is 
located  just  below  that  of  the  minimum  temperature.  The  colder  the  minimum 
temperature,  the  greater  is  the  aerosol  content  of  the  layer.  This  relationship 
suggests  that  the  20 -km  dust  layer  is  due  to  convection  in  tropical  air  and  advec- 
tion  to  higher  latitudes.  Computed  averages  of  optical  thickness  show  that 
abatement  of  stratospheric  dust  from  the  Mt.  Agung  eruption  became  evident  in 
April  1964.  Results  based  on  seventy-nine  profiles  characterizing  dust  abatement 
indicate  that  above  26  km.  the  aerosol  scale  height  averages  3.75  km. 
Extrapolating  with  this  scale  height,  tabulations  are  developed  for  uv,  visible,  and 
ir  attenuation  to  50  km.  Optical  mixing  ratios  are  used  to  examine  the  aerosol 
concentrations  at  various  altitudes,  including  a  layer  at  26  km  having  an  optical 
thickness  Iff- ■*"  for  0.  55-^<  wavelength.  [  \ 
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